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Abstract 
Recently, high performance ReBa2Cu3Ox (ReBCO) coated conductor, such as those with over 500 A per 1 cm in width at 77 K,  
have become commercially available. The quench detection of ReBCO pancake coils under conduction-cooled conditions is an 
important issue for the safe operation of superconducting applications. Although experimental data on the quench characteristics 
of ReBCO coated conductors have been reported, there is no sufficient database available regarding ReBCO impregnated 
pancake coils. 
 In this work, a ReBCO impregnated pancake coil was fabricated using ReBCO coated conductors laminated with a 75-Pm-
thick copper stabilizer. The inner diameter of the ReBCO coil was 50 mm, and the outer diameter was approximately 73 mm. 
The measured longitudinal normal-zone propagation velocities (NZPV) in the ReBCO coil were 3–27 mm/s at 50–20 K. It was 
also confirmed that the ReBCO coil was shut down from 100 A to 240 A by a balance voltage detection at 40–100 mV under 
conduction-cooled conditions without degradation.  
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1. Introduction 
REBa2Cu3Ox (ReBCO, Re = rare earth) coated conductors are expected to show high performance for 
superconducting applications because of their high current density and high mechanical strength. High performance 
ReBCO coated conductors, such as those with over 500 A/cm at 77 K, self field (s.f.) with a few hundred meters 
length, have become commercialized [1],[2]. In particular, Fujikura has developed ReBCO coated conductors with 
over 500 A/cm at 77 K, s.f. with a length greater than 1000 m [3]. Furthermore, in 2012, Fujikura succeeded in 
developing a 5 T cryocooled ReBCO magnet with a 20-cm-diameter room temperature bore with a stored energy of 
426 kJ [4],[5]. The magnet is composed of 24 impregnated pancake coils with an inner diameter of 260 mm. 
The quench detection of ReBCO pancake coils under conduction-cooled conditions is an important issue for the 
safe operation of ReBCO coils in practical applications. The quench behavior of ReBCO coated conductors and their 
coils has been reported [6]-[8]. We have also investigated the thermal behavior of ReBCO coated conductors and 
coils [9]-[11]. However, there is insufficient data about the quench detection of ReBCO impregnated pancake coils. 
Therefore, in this study, an impregnated ReBCO pancake coil was wound with a 75-Pm-thick copper stabilizer, a 
heater, and several voltage taps. The normal zone propagation velocity (NZPV) is measured as a function of Iop/Ic, 
where Iop is the transport current and Ic is the critical current at 50, 40, 30, and 20 K under conduction-cooled 
conditions. In addition, we investigated quench detection when the balance voltage of the coil ranged from 40 mV to 
100 mV of the ReBCO coil, with a transport current ranging between 100 A and 240 A. 
2. Coil fabrication and experimental setup 
2.1. Coil fabrication 
ReBCO coated conductors with polyimide tapes insulation, used in the pancake coils, are manufactured by 
Fujikura Ltd. using ion-beam-assisted deposition (IBAD) and pulsed laser deposition (PLD) method, as listed in 
Table 1. These conductors are 5 mm wide and approximately 0.16 mm thick. They have a 75–ȝm–thick Hastelloy® 
substrate and a 75–ȝm–thick copper stabilizer, which is laminated to a Ag layer.  
An impregnated two-layer coil was fabricated ; its specifications are listed in Table 2. Two single-pancake coils 
were stacked and electrically jointed in series with a copper plate using solder at each inner layer. The inner 
diameter of the coil was 50 mm, and the outer diameter of the 1st-layer and 2nd layer were 73 and 77 mm, 
respectively. Because the 2nd-layer coil was wound with a heater and voltage taps using a copper–laminated film, as 
shown in Fig. 1. The two-layer coil was impregnated with epoxy resin by vacuum impregnation. The height of the 
two-layer coil was 10.6 mm. The heater, a 0.04-mm-thick NiCr tape (0.53 ȍ at 50 K, 4.5-mm wide, and 8-mm long), 
is attached to the surface of the copper stabilizer of the coated conductor at the first turn. The heater is sandwiched 
between polyimide tapes for proper insulation. The coil Ic was measured in liquid nitrogen after the fabrication. The 
n-values of each pancake coil were greater than 20 in an electric field ranging from 10-8 V/cm to 10-7 V/cm, as 
shown in Table 2. This result indicates that none of the coils were damaged during the fabrication of the conductors.  
Table 1. Specifications of ReBCO coated conductors. 
Type FYSC-SC05  (Copper (75 Pm) / Hastelloy® (75 Pm) ) 
Tape width / Tape thickness 5 mm / 0.16 mm 
Critical current (Ic) @77K, s.f.  251 A  (10-6 V/cm criterion) 
n-value@77K, s.f. 33  (10-7䡚10-6 V/cm) 
 
Table 2. Specifications of ReBCO test coil with voltage taps. 
Inner diameter  50 mm 
Outer diameter  1st-layer : 73 mm,  2nd-layer : 77 mm 
Coil height  10.6 mm 
Total number of turns 100 (1st-layer : 50,  2nd-layer : 50) 
Tape Length  10 m × 2 
Coil Ic at 77 K, s.f.  77 A  (10-7 V/cm criterion) 
n-value at 77 K, s.f. 1st-layer : 39,  2nd-layer : 20 
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                                  (a)                                                       (b)                                                     (c) 
Fig. 1. (a) Arrangement of the voltage taps of the 2nd-layer coil ; (b) Schematic of the heater ; (c) Photograph of the 2nd-layer coil. 
2.2. Experimental setup 
The two-layer coil was assembled with a copper cooling plate, as shown in Fig. 2. The coil flanges were anchored 
to the second stage of a GM cryocooler. The coil ends were soldered to the current leads. Two Cernox sensors were 
attached to the top and the bottom of the flanges to measure the operating temperature. To control the temperature, a 
Cernox sensor and a heater were attached near the second stage of the GM cryocooler. The operating temperature of 
the coil was controlled by the temperature controller. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Schematic of the experimental setup. 
 
2.3. Experimental procedure 
The NZPV was measured by the following procedure. At a predetermined temperature, the transport current (Iop) 
was ramped up using a ramp generator at a ramp rate of 1.5 A/s. When Iop reached the predetermined current, the 
NiCr heater input was supplied by the function generator connected to the power supply of the heater, as shown in 
Fig. 3. In the case when the test coil was not quenched, the heater input was repeated for a longer period of time. In 
the case when the test coil was quenched, the transport current was shut down by the quench detector using a bridge 
circuit when the balance voltage exceeded a predetermined level (40–100 mV). The experimental conditions in this 
study are shown in Table 3. 
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Fig. 4. shows the temperature dependence of the conductor normal state resistance calculated from the measured 
voltage of V0 in Fig. 1, by the four terminal method during cool down. The voltage of V0 was measured using a 
transport current of +/- 220 mA during cool down. 
Table 3. Experimental conditions. 
Temperature 50, 40, 30, 20 K 
Transport current 䠄Iop䠅 100–240 A 
Iop/Ic  0.4–0.8 
Coil Ic  (10-7 V/cm criterion) 246 A at 50 K (measured) 
300 A at 40 K (calculated) 
360 A at 30 K (calculated) 
420 A at 20 K (calculated) 
Heater input current  2 A  
Quench detection voltage 40, 60, 100 mV 
Quench detection time 10 ms  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Time variations of the coil voltage, current and heater input at 40 K.             Fig. 4. Temperature dependence of the stabilizer resistance. 
The transport current (Iop) is 240 A. 
 
3. Results and discussion 
Fig. 5 shows example data of the voltage, current, and heater voltage at 50 K, when Iop is 100 A and the quench 
detection voltage is 100 mV. The temperature dependence of the measured longitudinal NZPV is shown in Fig. 6. 
The NZPV was determined the voltage of 2 mV between V4 and V5 in Fig. 5. From Fig. 6, it is confirmed that the 
NZPV increases with a decrease in the operating temperature and it increases with Iop/Ic. Fig. 7 shows the measured 
longitudinal NZPV as a function of the transport current. It is observed that the NZPV increases with Iop. Further, 
the NZPV does not depend on the operating temperature.  
Fig. 8 shows the maximum temperature of V0, which is estimated from the resistance data presented in Fig. 4, as 
a function of the quench detection voltage at Iop/Ic = 0.6. Fig. 9 shows the maximum temperature of V0 as a function 
of the 2nd-layer coil voltage. It was found that the maximum temperature of V0 increases with the quench detection 
voltage or the 2nd-layer coil voltage. In addition, the transverse NZPV was slower than 0.146 mm/s at 20 K, 
because voltages of V7 and V8 were not observed. The slower experimental results of the transverse NZPV in this 
work were caused by the thicker insulation of the 2nd-layer coil that had several voltage taps. 
Fig. 10 shows a plot of voltage against the transport current at 77 K, s.f. of each coil before and after the test. It is 
confirmed that no degradation was observed after the quench test, although the maximum temperature of V0 in Fig. 
9 is approximately 180 K.  
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Fig. 5. Time variations of the coil voltage, current, and heater voltage at 50 K.       Fig. 6. Temperature dependence of the measured NZPV. 
Iop is 100 A, quench detection voltage is 100 mV. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Measured NZPV as a function of the transport current.  Fig. 8. Maximum temperature of V0 as a function of the quench detection voltage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. Maximum temperature of V0 as a function of the            Fig. 10. Voltage-current characteristics before and after the test at 77K. 
2nd-layer coil voltage.   
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4. Conclusion 
In this study, a ReBCO impregnated, two-layer coil was fabricated using ReBCO coated conductors laminated 
with a 75-Pm-thick copper stabilizer. The measured longitudinal normal zone propagation velocity of the ReBCO 
coil were 3–27 mm/s at 50–20 K. It was confirmed that the normal zone propagation velocity increases with Iop/Ic, 
and the maximum temperature of the local hot spot increases with the quench detection voltage or the overall coil 
voltage. It was also confirmed that the ReBCO impregnated coil was shut down from 100–240 A at 20–50 K by the 
balance voltage detection at 40–100 mV, without degradation, although the maximum temperature at the local hot 
spot reached approximately 180 K. Further experiments with different thicknesses of stabilizers are necessary to 
advance our understanding of the quench behaviors and the quench voltage detection of REBCO impregnated 
pancake coils. 
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